Cooperation is central to human communication [1] [2] [3] . The foundation of cooperative verbal communication is taking turns to speak. Given the universality of turn-taking [4] , it is natural to ask how it evolved. We used marmoset monkeys to explore whether another primate species exhibits cooperative vocal communication by taking turns. Marmosets share with humans a cooperative breeding strategy and volubility. Cooperative care behaviors are thought to scaffold prosocial cognitive processes [5, 6] . Moreover, marmosets and other callitrichid primates are very vocal and readily exchange vocalizations with conspecifics [7] [8] [9] [10] [11] . By measuring the natural statistics of marmoset vocal exchanges, we observed that they take turns in extended sequences and show that this vocal turn-taking has as its foundation dynamics characteristic of coupled oscillators-one that is similar to the dynamics proposed for human conversational turn-taking [12] . As marmoset monkeys are on a different branch of the evolutionary tree that led to humans, our data demonstrate convergent evolution of vocal cooperation. Perhaps more importantly, our data offer a plausible alternative scenario to ''gestural origin'' hypotheses for how human cooperative vocal communication could have evolved.
Results
Vocal turn-taking, across all languages, consists of speech exchanges with gaps of silence and minimal overlaps [4, 13] . For multiple rounds, person 1 speaks while person 2 attends, and then person 1 relinquishes the speaking status to allow person 2 to speak or relinquish her turn. We used common marmoset monkeys (Callithrix jacchus) to explore whether another primate species shows a similar pattern of cooperative communication. Marmosets don't have the same sophisticated semantic and syntactic skills as humans, nor do they display much evidence of shared intentionality, but they do have in common with humans a cooperative breeding strategy and volubility [8, 14] . Cooperative care behaviors are thought to scaffold prosocial cognitive processes [5, 6] . Marmosets and other callitrichid primates also readily exchange vocalizations with conspecifics (whether or not they are related or pair bonded) [7, [9] [10] [11] , particularly when they are out of visual contact. Is this a simple call-and-response (''antiphonal'') behavior seen in numerous species, or is it a sustained temporal coordination of vocal exchanges as in human conversation?
Marmosets were placed in opposite corners of sound-attenuated room, separated by an acoustically transparent but visually opaque curtain ( Figure 1A) . We recorded the vocal exchanges produced by ten marmosets paired in various combinations (five cagemate pairs and 20 noncagemate pairs; none were related to each other). Across 54 sessions, we acquired a total of 1,415 phee calls. Phee calls are the long-distance contact calls used by marmosets, and, although marmosets have a number of distinct vocalizations produced in a number of different contexts [8] , 99.9% of calls recorded under our experimental conditions were phee calls. Figure 1B shows the waveform and spectrogram of two marmosets exchanging phee calls. We considered a phee call syllable as part of a single call if the interval between two consecutive syllables was less than 1 s. This criterion is justified by the bimodal structure of the intersyllable interval distribution for single marmosets' vocal output, in which the 1 s threshold separates the first mode of the distribution (representing the interval between syllables within a single phee call) from the second mode that represents the interval between the offset of the last and onset of the first syllables between two calls ( Figure 1C ). Figure 1D is representative of what our data structure looks like, illustrating the onset and offset timing of the phee calls of one pair of marmosets recorded across five sessions.
We defined call exchanges as two consecutive phee calls from two individuals separated by no more than 30 s of silence (n = 322) [9] [10] [11] . Consistent with human conversational exchanges, there were zero overlapping calls (i.e., no interruptions) in these exchanges. One possibility is that individuals may be calling at very low rates (but independently of each other), thus making the probability of overlapping with another's call unlikely. To test the hypothesis that the lack of interruptions was due to truly dependent vocal interactions, we used a permutation test: we exchanged the time series of vocal output of one individual in dyad and paired it with the time series of another, randomly selected individual from a different dyad ( Figure 2A ). We found that marmosets wait for the vocal exchange partner to finish calling before responding (permutation test, p < 0.001) ( Figure 2B ). A potential caveat is that perhaps one very vocal marmoset generates the call interruptions seen in the permuted data. To test for this, we reran the permutation test an additional ten times, but left one individual out of the data for each iteration. In all cases, the difference between the real data and permuted data remained (p < 0.001 for all iterations).
The consistent waiting period of about 5-6 s upon hearing a call establishes a turn-taking rule. The duration of this waiting period is similar to that reported in previous studies with callitrichids [9, 11] . The mechanism that might generate such reliability in vocal exchange dynamics is not known. One possibility is that an individual might produce phee calls with some planned interval, but when he hears a call from another marmoset, that interval is simply reset ( Figure 2C) ; i.e., his subsequent call is delayed by an interval duration predicted by the calling pattern he would have produced spontaneously if he had not heard another individual's call. A mechanism akin to this is used in chorusing insects and frogs, in which call coordination is an epiphenomenon related to the resetting of an individual's signal output upon hearing a neighbor's signal [15] . We tested this hypothesis by comparing the distribution of intervals between consecutive calls from the same subject (that is, two calls without an intervening reply from another) versus consecutive calls in which the second was in presumptive reply to another marmoset's call (i.e., during a vocal exchange). This ''reset'' hypothesis would predict that the interval distributions would be the same. In Figure 2D , the gray line shows that these distributions are, in fact, significantly different (p < 0.001, Kolmogorov-Smirnov [K-S] test). The call interval duration of an individual is, on average, significantly shorter (median = 5.63 s) during vocal exchanges than when the same subject produces calls without hearing an intervening call from another individual (median = 11.53 s, p value < 0.001, Wilcoxon rank-sum test). Thus, a simple reset of vocal production timing upon hearing another's call does not explain these data. An important corollary of this finding is that marmosets distinguish their own calls from those of another; that is, they self-monitor during vocal production as humans do during conversations [16] .
A second possibility is that the effect of hearing a phee call simply inhibits the production of one call but without changing the overall structure of the subsequent call sequence. For example, a marmoset may have a motor plan to produce a sequence of three calls, but just prior to producing the second it hears another marmoset's call ( Figure 2C ). This second call would be suppressed, but the third call would proceed at the originally intended time. We tested this hypothesis by simulating this scenario statistically using a modification of the permutation test. In this test, we exchanged the pairs of callers from different sessions, which generated call exchanges with occasional interruptions ( Figure 2B ). We then removed the calls that were interrupted (calls with later onsets in the interruptions) and measured the interval distribution between the calls on the simulated sequence (blue line) and compared it to the real interval distribution (green line). If hearing another's call simply suppressed calls in a production sequence, then these interval distributions should be the same. In Figure 2D , the blue line shows that the real vocal exchange interval distribution cannot be explained by an inhibition of this nature (p < 0.001, K-S test). These results suggest that marmosets take turns during vocal exchanges, i.e., when the first marmoset produces a call, a second marmoset waits until it finishes and then responds following a specific time interval that What then is the mechanism that explains the turn-taking dynamics? In the speech literature, dynamic systems models incorporating oscillator-like mechanisms have been hypothesized to account for conversational turn-taking [12, 17] . We explicitly tested a coupled oscillatory mechanism to explain the temporal structure of marmoset vocal turntaking. First, we tested for the presence of periodic couplings. The signature of two oscillators coupled in antiphase is the occurrence of events at integer multiples of some fixed period. In this scenario, not only should marmoset 1 produce a sequence of phee calls with a consistent intercall interval, but marmoset 2's phee call replies should be both in between marmoset 1's calls (antiphase) and have a consistent intercall interval with respect to marmoset 1's calls ( Figure 3A) . To test this, we measured the time interval of marmoset 2's subsequent calls after each of marmoset 1's calls. That is, we measured the interval between marmoset 1's first call and then the marmoset 2 0 s first, second, third. n th calls. We then repeated this for marmoset 1's second call. Using this procedure, we quantified the degree of coupling by calculating the cross-correlation between the call time series of the two marmosets exchanging vocalizations. If the two marmosets are coupled, then the correlation should have significant peaks at regular intervals ( Figure 3A )-as seen in human conversational exchanges [18, 19] . If there was no coupling between marmosets, then the correlation would be flat ( Figure 3B ). To verify the statistical significance of the cross-correlation, we calculated the cross-correlation between the time series of Poisson point processes with the rate of points matching the average call rate in our data.
Our results show that, as predicted for coupled oscillators, the cross-correlation is characterized by the presence of statistically significant periodic peaks, indicating that calls are produced in antiphase with a period of w12 s ( Figure 3C ). This is identical to what is predicted to occur in human conversations [12, 19] and observed in human conversational turntaking statistics [18] (though on a much faster time scale; see the Discussion). Moreover, the significant cross-correlation extending until at least 60 s shows that a call influences not only the first response call from another marmoset, but also the dynamics of subsequent call responses. Therefore, the coupling extends to several time scales, consistent with dynamics of a cooperative behavior [20] . One potential caveat is that one marmoset could be acting as an oscillator while the other is not; this would still result in a cross-correlation with periodicity. With a leave-one-out procedure, the blue traces in Figure 3C show that the periodicity is consistently apparent. Moreover, the autocorrelation (where one marmoset's call is correlated with the timing of his own subsequent calls) of each marmoset in a dyad exhibits its own periodicity ( Figure 3D ), demonstrating that each marmoset is acting as an oscillator.
If marmoset vocal turn-taking dynamics can be modeled as coupled oscillators, then it is expected that the periodicity of call production from one marmoset can be modulated by the periodicity of call production from the other marmoset [21] . That is, the two marmosets should be entrained to each other. To investigate this, we calculated the phase response curve (PRC) of vocal exchanges [22] (Figure 4 ). We measured three intervals ( Figure 4A ). First, we measured the duration of the response interval (R) between marmoset 1's call and marmoset 2's response. Second, we measured the interval (PR) between marmoset 1's first call and, after marmoset 2's response, its second call. Third, we measured the interval duration (T 0 ) of marmoset 1's calls that did not have an intervening call from marmoset 2. This T 0 value was subtracted from PR to give us PR 2 T 0 and will indicate whether marmoset 1's calls are produced more quickly or slowly when responding to marmoset 2. Figure 4B shows three possible outcomes if PR 2 T 0 is plotted against R. In this scenario, a positive slope would indicate that the two marmosets entrain to each other and speed up (or slow down) their calling output depending on the other marmoset, while a negative slope would indicate that when one marmoset speeds up, then the other slows down (or vice versa). Figure 4C shows the PRC and the scatter plot of R versus PR 2 T 0 (n = 134). Green dots represent real data; however, because the sampling is not uniform across the 0-30 s response interval, a bias correction method was implemented [22] . The bias correction data are represented by the purple dots. After controlling for this bias, there are two modes of dynamics in marmoset vocal exchanges. The presence of two modes is expected given that the median intercall interval of a single marmoset calling (T 0 ) is 12.41 s ( Figure 4C , vertical dotted line). We verified its statistical significance using a robust regression algorithm: one from 0 to 12.41 s and the other from 12.41 to 30 s. We observed that there is a positive correlation in the 0 to 12.41 s interval (t test, p < 0.001 for both the intercept and coefficient). Moreover, the PR 2 T 0 crosses the zero value in the y axis, indicating that if R (the response from marmoset 2) is short (or long), vocal production by marmoset 1 will speed up (or slow down). For response intervals beyond 12 s, there is no correlation between R and PR 2 T 0 (t test, p = 0.34 for the intercept and p = 0.51 for the coefficient). Thus, the likelihood of a marmoset producing a ''response'' to another's call decreases with intervals exceeding w12 s; at this time, it is ambiguous whether marmoset 2's vocalizations are produced spontaneously or in response to marmoset 1's call.
When two oscillators are coupled, they can eventually reach an equilibrium state, i.e., the phase delays between the oscillatory events become stationary. Therefore, if the vocal exchange dynamics is oscillatory and achieves an equilibrium state, we expect that the value of the R when PR 2 T 0 = 0 (i.e., when the phase doesn't change) should match the median interval time in a vocal exchange. This is indeed the case for our data. The PR 2 T 0 is zero when R is w5 s (Figure 4C ) and the median in the interval time in a vocal exchange is w5 s (Figure 4C , vertical dashed line; see also Figure 2D , green line).
Discussion
Individuals in a conversation must reciprocally and continuously coordinate their vocal output with each other; i.e., it is necessary that they cooperate [12, 18, 23] . We show that marmoset monkeys exhibit such cooperative vocal behavior. Dyads engage in turn-taking by showing that (1) they prevent overlapping calls by waiting w5 s before responding, (2) the timing of their calls is periodically coupled, and (3) they entrain to each other such that if one speeds up or slows down their call timing, the other will do so as well. With these features, marmoset vocal turn-taking is very similar to human conversational turn-taking [12, 13] , but there are differences as well. One major difference is time scale: gaps between turns for marmosets are several seconds (w3-5 s), whereas gaps for human conversations are usually within hundreds of milliseconds (w250 ms) [4] . The slower time scale for the vocal exchange in marmosets compared to the human may be related to the ''units of perception'' in each species. For marmosets and other callitrichid species, the minimal unit of communication is likely the whole call, with a duration of w3-5 s, not each syllable [10] , whereas in humans, the word or syllable may be the minimal unit of communication, with much shorter durations [24, 25] . Marmosets, as in human conversations, spontaneously engage in coordinated exchanges with any other conspecific. That marmoset vocal exchanges are periodically coupled and entrained to each other demonstrates that the two individuals are acting like coupled oscillators. Recently, coupled oscillators have been put forth as explanatory models of social interactions in general [20, 26] and conversational turn-taking in particular [12] . These models don't require higher-order cognitive capacities, have the advantages of parsimony, have support from psychophysical experiments [18, 19] , and have consistency with the known neurophysiological processes related to speech [27, 28] . With the current data, we can now link this mechanism as a putative foundation for the evolution of vocal turn-taking. This is not to argue that higher-order cognitive capacities like recognition, prediction, and/or understanding are not important for human conversations [29] [30] [31] ; no doubt these play important roles guiding our conversations. However, they are not the sole criteria for cooperative communication. Our data, and the relatively small encephalization quotient of marmoset monkeys relative to the great apes [32] , suggest that cooperative communication does not require ape-or humanspecific cognitive capacities. Indeed, marmoset vocal turn-taking may represent the kind of foundational scaffold upon which more sophisticated forms of communication were built in humans. The advantages of extended coordinated vocal interactions may be two-fold: arousal reduction [33] and information extraction [34] . First, for marmoset monkeys that are away from conspecifics, phee calls can act as a form of contact. Such auditory contact reduces stress and arousal levels [35] with its attendant benefits for cognition, physiology and survival [36] . Sustained, coordinated vocal interactions would indicate, in a continuous fashion, that one is being listened to by another. Indeed, in terms of stress reduction, conversational exchanges among humans are thought to play the same role as social grooming does for monkeys and apes [37] . For marmosets, exchanging contact calls may, in effect, be grooming at a distance. Another possibility is that sustained vocal coordination allows for the extraction of important social information. Embedded in their acoustics, marmoset phee calls contain information about gender, identity, social group, and context [38, 39] . It may take a series of exchanges with no interfering and overlapping calls to efficiently and fully extract this information, particularly in noisy forest environments [40] . Turn-taking provides such a mechanism.
Our results show that marmoset engages in vocal turn-taking behavior with conspecifics, whether or not they are pair bonded, related or engaged in mating or territorial encounters. That is, the turn-taking behavior we report is distinct from the coordinated call patterns (e.g., duetting and chorusing) seen in other animals [15, 41] , but similar to what is observed in humans (thus, an example of convergent evolution). Moreover, the lack of evidence for such vocal turn-taking in apes motivates, in part, the gestural hypotheses for the origin of human vocal cooperative behavior, whereby cooperation is first exhibited through manual gestures whose cognitive substrates are (somewhat mysteriously) then co-opted by vocalizations [3, 42, 43] . Vocal turn-taking in marmosets supports the notion that cooperative vocal communication could have evolved in a manner very different than gestural-origins hypotheses predict. In this alternative scenario, existing vocal repertoires could begin to be used in a cooperative, turn-taking manner when prosocial behaviors in general emerged. This occurred in both humans and callitrichid primates when they evolved a cooperative breeding strategy and, as a consequence, more prosocial tendencies such as stronger social bonds, higher tolerance at the group level, cooperative problem solving, and active food sharing [5, 6, 44] . Similar to the ''byproduct of selection for temperament'' hypothesis put forth to explain the human-like social skills of domestic dogs [45] , this raises the possibility that the observation of cooperative vocal turn-taking in marmosets, but not in other nonhuman primates, can be at least in part explained by differences in social motivations that evolved as a byproduct of selection on behaviors related to cooperative breeding [5] .
Experimental Procedures Subjects
The subjects used in this study include ten adult common marmosets (Callithrix jacchus) housed at Princeton University. The marmosets were five male-female pairs from different social groups. Animals were fed once daily with standard commercial chow supplemented with fresh fruits and vegetables. The animals had ad libitum access to water. The colony room was maintained at a temperature of approximately 27 C and 50%-60% relative humidity, with a 12 hr light:12 hr dark cycle. Previous to the experiment being conducted, all animals were trained to leave their home cage in a transport box and familiarized with the testing room and testing equipment. All experimental sessions were conducted during daylight hours between 12:00 and 18:00 and were performed in compliance with the guidelines of the Princeton University Institutional Animal Care and Use Committee.
Measuring Vocal Exchanges
We ran each adult marmoset in two experimental conditions: alone and paired. In the alone condition, each marmoset was placed alone in the testing room and the vocalizations were recorded. The alone condition is used in this study only to calculate the distribution of interval between consecutive call syllables and to calculate the median interval between consecutive spontaneous call (T 0 ; see ''Phase Response Curve'' below). In the paired condition, two animals were placed in the same room and the vocalizations were recorded. All sessions lasted either 15 or 30 min. Each animal was tested only once per day, and subjects were run on the two conditions in randomized order. The experimental room measured 2.5 m 3 2.5 m with walls covered in sound attenuating foam. Two tables (0.66 m in height) were positioned at diagonally opposite corners of the room. The animals were placed-one on each table in the paired condition-in prism-shaped testing boxes made of plexiglas and wire (0.30 m 3 0.30 m 3 0.35 m). The testing corner was counterbalanced across each monkey and sessions. A speaker was positioned at a third corner equidistant from both testing corners, and pink noise was broadcast at w45 dB in order to mask occasional noises produced external to the testing room. Digital recorders (ZOOM H4n Handy Recorder) were placed directly in front of each testing box at a distance of 0.76 m. Audio signals were acquired at sampling frequency of 96 kHz. An opaque cloth occluder divided the room in two and prevented the subjects from getting visual cues from each other during the course of the experiment. Each testing box was thoroughly wiped down between each test session to eliminate odors left by previous subjects. For the paired condition, the experimenter ensured that each of the paired marmosets had no visual contact with each other, from the time of removal from the home environment until the end of experiment. Once the subjects were in place, the experimenter turned on both recorders and left the room.
Phee Call Detection A custom made MATLAB routine automatically detected the onset and offset of any acoustic signal that differed from the background noise at specific frequency range. To detect the differences, we band-passed the entire recording signal between 5 and 8 kHz. This corresponds to the fundamental frequency of marmoset phee calls. We then compared the amplitude of the signal at this frequency band for the periods without call and during a call. A simple threshold was enough to distinguish both periods. Onset-offset gaps longer than one second indicated separate calls, whereas gaps shorter or equal than one second indicated syllables from the same call. After this procedure, we manually verified for each call whether the automatic routine correctly identified single phee calls or combined multiple calls, using the one second separation criteria. Furthermore, we counted the number of syllables of each call, and if there was any mismatch between the automatic onset-offset detection and the call signal observed by the researcher, then we marked the onset and offset of the phee call manually comparing the level of the background noise to the amplitude of the signal. For the paired data set, we had to compare the amplitude of the band-passed signal recorded from the two microphones in the room to determine which of the marmoset was producing a call. When the same call recorded from opposing corners of the room was compared, the amplitude was larger for the microphone at the same corner of the caller. We exhaustively tested and confirmed the accuracy of this procedure.
Statistics of Phee Call Production
The interval distribution between consecutive call syllables, the response time distribution, cross-correlation, and autocorrelation were all estimated using a Gaussian kernel smoothing density estimator implemented in ksdensity routine in MATLAB. The bootstrap confidence interval was obtained by resampling the call duration data set 1,000 times and then estimating the distributions using the same Gaussian kernel for each resampled data. We plotted the 95% confidence interval for each point by calculating the 97.5% and 2.5% percentile of the resampled estimates. The interval between calls was defined as the time difference between the onset of a call and the offset of a previous call.
Permutation Test
To test the possibility that the marmosets are behaving independently (not interacting), we applied a permutation test in which we paired the vocal output of two marmosets in the paired condition recorded from different sessions and chosen at random. These randomly paired sessions were the surrogates for the null hypothesis of two marmosets producing vocalizations independently of each other. We repeated the procedure 1,000 times and calculated the 95% and 99.9% confidence intervals for the permuted data set and compared the results with the experimental data.
Autocorrelation and Cross-correlation
We calculated the cross-correlation function between the offset of a call from say marmoset 1 and the onset of the calls from marmoset 2. The cross-correlation is the distribution of the intervals between marmoset 1's call offset and marmoset 2's calls onset that follows, irrespective of the calls being consecutive or not. The autocorrelation is the distribution of the intervals between marmoset 1's call offset and marmoset 1's calls onset that follows, irrespective of the calls being consecutive or not. To test for the significance of the cross-correlation (autocorrelation) values, we calculated the cross-correlation (autocorrelation) between two Poisson point processes with rate matching the average rate of call production in the paired data set and computed the 95% confidence interval. The bootstrap confidence interval for the cross-correlation was obtained by resampling of the intervals between marmoset 1's call offset and the following marmoset 2 calls. The bootstrap confidence interval for auto-correlation was obtained by resampling of the intervals between marmoset 1's call offset and the following marmoset 1 calls. The crosscorrelation and autocorrelation were repeated for each resampled data. The bootstrap procedure was repeated 1,000 times to calculate the 95% confidence intervals.
Phase Response Curve
Consider two marmosets, 1 and 2. Assume that marmoset 1 called (call M1a), and then marmoset 2 called back (call M2) and marmoset 1 called again (call M1b). The interval between the offset of call M1a and onset of call M2 represents the response time interval (R). The interval between the offset of call M1a and onset of call M1b represents the phase response (PR). Finally, T 0 is the median time interval between two consecutive calls from marmoset 1, i.e., the median interval duration between calls with no intervening calls from marmoset 2. To calculate T 0 , we used the call intervals from the alone condition experiment. The graph that describes the relationship between R and PR 2 T 0 is called the phase response curve [22] . Because the PRC estimate is biased when the response time interval (R) is not uniformly sampled, we had to correct for the bias. We corrected for the bias in PRC estimates using the bias correction method proposed in [22] . If marmoset 1 and marmoset 2 don't interact, PR 2 T 0 should be zero for all values of response time. To test whether the PRC was significantly different from a constant line, we fitted two regression lines, one for the interval 0-12.41 s and other for 12.41-30 s using a robust fitting algorithm (iteratively reweighted least square with bisquare weighting function, MATLAB robustfit) and tested for the significance of the coefficients of the regression using a t test.
